Abstract-In this paper, a new precoding scheme is designed that allows the complete orthogonalization of the users in the uplink of a multiuser CDMA system based on burst transmission. With this channel adapted precoding, a simple filter matched to the total user specific impulse responses is able to eliminate all the inter-symbol and the multiple-access interferences present in the received signal. It is shown that an infinity of codes is available to orthogonalize the system. Two objectives are added: a possible recursion in the number of users and a minimization of the average emitted power. The last optimization problem is a complex one. An approximate solution is proposed. It is shown that the system introduced in this paper outperforms the burst system based on a conventional set of codes.
I. INTRODUCTION
Orthogonality is the underlying concept in the design of many communication systems. Namely, there is orthogonality in the frequency domain and orthogonality in the time domain. Different multiuser scenarios may be built accordingly. In frequency division multiple access (FDMA) based systems, the communication channel is divided into separate frequency subchannels. The time division multiple access (TDMA) technique consists in allocating a dedicated time slot t o each user. The direct sequence code division multiple access (DS-CDMA) technique uses codes that are simultaneously spread in both time and frequency domains. The conventional binary code families do not take into account the possible time dispersion of the channels. The interesting orthogonality properties of the transmitted signal are often lost at the receiver due to the high multi-path component. It is interesting to investigate new code design methods taking into account the channel effects. Hence, the purpose of this paper is t o investigate design methods assuming that the CIR (channel impulse responses) of the active users are known.
Salz first reported on the problem of joint transmitter and receiver optimization for coupled multi-input-multioutput (MIMO) systems in additive noise [3]. A solution was obtained only for the restricted case of a system bandlimited to the first Nyquist zone. A significant feature was that the optimization of the cross-coupled system leads to an equivalent decoupled system consisting of parallel subchannels. In their paper [4], Yang and Roy extended the result to MIMO systems with arbitrary bandwidth and unequal numbers of inputs and outputs. However, a closedform solution was not given. As shown in [6], the redundancy introduced by the nonmaximally decimated filter bank can overcome the difficulties encountered in the standard MIMO systems for channels with spectral nulls. A closed-form solution is presented for the joint transmitter-0-7803-7097-1/01/$10.00 02001 IEEE receiver optimization under the average transmission power constraint. A unifying framework based on a multirate filterbank model is introduced in [7] by Scaglione, Giannakis and Barbarossa. An optimum solution is presented for the design of transmitter-receiver filterbank pairs able to minimize the symbol estimation mean square error (MSE) under a constraint of interference suppression at the output of the receiver. The symbol estimation MSE is also minimized under a transmitted power constraint. The two problems give rise to a singular value decomposition of the channel matrix.
In this paper, we introduce a procedure that allows the complete orthogonalization of the users in the uplink of a system based on burst transmission. We eliminate all the inter-symbol (ISI) and multiple-access (MAI) interferences. The feasibility is demonstrated in section I11 by means of the subspace theory and it is shown that an infinity of solutions exists. The following sections introduce different criteria t o choose an interesting solution. In section IV, a system with a possible recursion in the number of users is introduced. The influence on the emitted power is studied in section V.
SYSTEM MODEL
The uplink of a multiuser system is considered. A model of the transmission system is given in figure 1 . Each active user k (le = 1, . . . , K ) transmits a sequence of symbols d k ( n ) at the rate l / T . The information is spread by the user codes uk(n) of length N, and shaped with the chip shaping filter u(t) (half-root Nyquist) . T, is the chip duration. Each user signal is transmitted over a particular channel c k ( t ) . Function f ( t ) represents the receiver filter, supposed to be an ideal low pass filter present to avoid aliasing. For a Tc/M spaced detector, the cutoff frequency is 0.5 Al/Tc. w ( t ) is the additive white Gaussian noise and n(t) will be the noise filtered by f ( t ) . The received signal is denoted by r(t).
In case of burst transmission, each user sends N symbols. Matrix S represents the codes and matrix H represents the impulse responses. After receiver filtering and T c / M sampling, the observation model is r = G d + n where G = H S a n d The outputs of matrix S are the symbols spread by the codes a t the chip rate. The vectors ak are the user codes in a short code precoding scheme. In such a case, each symbol is spread by a particular code with no a priori interference with the neighbor symbols (see figure 3) . Such 0-7803-7097-1/01/$10.00 02001 IEEE a constraint is not required in practice: the length of the codes could be larger than a symbol period, the codes could have different lengths or different codes could be assigned to the successive symbols of a user. As shown in figure   3 , the matrices s k can be filled in with complex elements. This is the key element which makes it possible to have a complete orthogonalization of the system.
To simplify the notations, we define M ' Zf HH H and dzf Mkl -HcH1 for k,l = 1 .'. K .
OPTIMUM SYSTEM UNDER A MATCHED FILTER
The purpose is t o find the precoding matrices Sk and the linear detector B that maximize the signal to noise and interference ratio (SNIR) under a matched filter bound (MFB) constraint. The optimal SNR is given by the MFB which is fixed in our case (or equivalently, the received symbol energy is fixed). So the problem will be solved if matrix S can be chosen such that a filter matched to the total impulse responses (B = GH) is able to eliminate at the same time IS1 and MAI. Matrix G must be such that GH G = EKN where EKN denotes the identity matrix of size K N .
Proposition 1: A matrix S can be chosen such that the columns of matrix G are orthogonal. The vectorial subspace theory helps us to demonstrate the feasibility. Each part of matrix H corresponding to a particular user (denoted Hk in figure 2), constitutes a vectorial subspace of dimension N N , in the space of dimension N orthogonal vectors can be chosen in subspace HI. The N vectors assigned to user 1 are projected on the subspace Hz of user 2. A subspace of dimension N ( N , -1) orthogonal to the N projections and included in subspace Hz exists. It is possible to choose N orthogonal vectors in this subspace. Of' course those vectors orthogonal to the projections are also orthogonal to the initial N vectors. They are assigned to user 2.
The same operations can be carried out with subspace HS of user 3. We look for the subspace of dimension N ( N c -2) orthogonal to the projections of the N vectors assigned to user 1 and to the projections of the N vectors assigned to user 2. N orthogonal vectors are chosen in this subspace and assigned to user 3.
This procedure is followed until user K . Two remarks are important: This iterative procedure is only possible if the spreading factor Ne is at least equal to the number of users K . This is BOUKD CONSTRAINT 0-7803-7097-1/01/$10.00 02001 IEEE due t o the fact that the size of the initial subspaces is NN,. At each step, we have to find a subspace orthogonal to the projections of the N vectors assigned to the previous users.
For the last user, we need a subspace of size N included in the subspace K of size N N , and orthogonal to N ( K -1) projections. Thus N , must be at least equal to K . 4 t each step, an infinity of solutions exists. Some further objectives can be introduced. Firstly, the precoding matrices can be chosen in order to get some progression in the number of' users. Secondly, the average emitted power can be minimized. It leads to a complex problem of constrained optimization.
Iv. A SYSTEM RECURSIVE IN THE NUMBER OF USERS
The number of users that can be accommodated in the system is limited by the spreading factor Arc as explained in section I11 (at least in the context of this paper where the target is a perfect orthogonalization of the system). N, must be as low as possible to increase the bit rates (the bandwidth is constant) and there is a big advantage in keeping N, equal to the number of users. If the number of users varies, the precoding matrices s k should be adapted. A flexible system should be such that any user can enter or leave the system without the need to compute the codes of the other users again.
In the initialization period, the base station should have an estimation of the durations the users will stay active in the system. A user active for a long period will have a high priority: his codes will be computed first. The code allocation is pursued until the user with the lowest priority (short presence in the system) is processed. To get the recursion. only a limited number of vectors in the subspace associated with each user will be used.
The codes are first computed for user k l . 4 n orthogonal base of dimension N is selected in the subspace generated by the first N columns of matrix Hkl. The other N ( N c -1) columns vectors of the initial subspace ase not used.
The codes are computed for user k z . An orthogonal base of dimension N is selected in the subspace of dimension N orthogonal to the N vectors allocated to user le1 and included in the subspace generated by the first 2 N columns of matrix Hka. The other N ( N , -2) columns vectors of' the initial subspace are not used.
The procedure is followed until the last user k~. Some vectors in the initial subspaces are not used. The associated code elements are equal to "0". This makes possible the recursion in the number of users. The process allows the addition of an orthogonal user in the system without having to recalculate the codes of the current users. The codes of the already active users are just extended with zeros. When a particular user k is removed, the spreading factor should be decreased by one. If user IC is removed, the last N rows of matrices sk' corresponding to previous users (k' < k ) are constituted of zeros. They are removed without loss of orthogonality. The following users codes (k' > k) are computed again. In this section, we propose an approximate solution which can be easily computed.
The users can be classified according t o the attenuation of their respective channels. The codes are first computed for the user requiring the largest emitted power, in order to decrease his power as much as possible. The algorithm is pursued until the user requiring the lowest emitted power. Orthogonality is kept at each step.
A . User k1
The codes are first computed for user k1. The problem is t o choose an orthogonal base of dimension N in a subspace of dimension N N , that minimizes the emitted power of the user. The problem is thus formulated as (see figure 4) To get a simple solution, each code assigned to a particular symbol will be computed regardless of the following symbols. The N codes allocated to user are the eigenvectors associated with the N largest eigenvalues divided by the square root of each eigenvalue.
B. User k2
The second user is denoted by k2. The problem is to choose an orthogonal base of dimension N in a subspace of dimension N ( N c -1) (included in the vectorial subspace of user k2 and orthogonal to the projections of the vectors of user k1) that minimizes the emitted power of user k2. The problem is written
To get a good solution, two different steps are followed.
Orthogonality with user kl must be included. The first For mobile communications, the channels can be accurately modeled as multi-path channels. In this paper, two paths channels are assumed. The amplitudes are chosen arbitrarily and the relative delays are generally larger than one chip. A small size system composed of 4 users, each of them sending 20 symbols, is assumed. The spreading factor is equal to the number of users. An additive white Gaussian noise is assumed. A power control is applied such that the ratio &/No is equal to 20 [dB] ( E , is the symbol received energy and NO is the one-sided power spectral The eigenvalue decomposition of matrix E + TFa T k a is computed and a modified precoding matrix is defined in order to get the same formulation of the problem that was approximately solved for user kl. The same kind of decomposition is extended until the last user k~.
The solution achieved with this procedure is not the optimum solution of the initial problem. Each code allocated to a particular symbol of a user is computed in order to minimize the emitted power while avoiding interferences with the previous symbols and users. The next symbols and users are not taken into account to compute the current symbol. This explains the degradation with respect t o the optimum solution. It will be seen later that this system is however quite effective.
VI. RES~JLTS
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The main purpose of this section is to compare the precoding schemes providing orthogonality for all users at the receiver with a classical set of codes. Different criteria of performance are studied: the emitted powers, the achievable SNIRs and the corresponding bits rates. Firstly, Hadamard codes of length 4 are used. Then, a system progressive in the number of users is studied. Finally the performances of the system that approximately optimize the emitted power are studied. In figure 6 , the average emitted and received powers are given for each user. The average emitted power is compared with a lower bound (obtained if each user symbol code is given by the eigenvector corresponding to the largest eigenvalue of the channel autocorrelation matrix). The system progressive in the number of users needs the largest emitted power. The system that approximately reduces the emitted power is close to the lower bound. The user order for computations in this case is 4, 2, 1, 3. The difference between the emitted power and the lower bound is increasing according to this order. The system using Hadamard codes has an intermediate emitted power level. Figure 7 shows the SNIRs achieved for the successive symbols of each user. In case of classical codes, the symbols located at the edge of the burst suffer from less interferences. The matched filter performs poorly. With the use of the conventional joint detectors (linear and decision feedback)? the performance of the system improves. In case of orthogonal systems, a simple matched filter eliminates IS1 and MAL The matched filter bound (MFB) is reached. The user bits rates are also computed with the assumption that the symbol error probability is equal to lo-'. The improvement of performances thanks to the optimized precoder is significant.
VII. CONCLUSION
In this paper, a joint transmitter and detector optimization was investigated for a multiple access system. A burst transmission with a constant average received power was assumed. The proposed solution leads to a total orthogonalization of the system at the receiver: a simple matched filter eliminates all the inter-symbol and multiple-access interferences. In this case, the matched filter bound is reached. An infinity of solutions exists to make the system orthogonal. Two objectives were added: a possible recursion in the number of users and a minimization of the average emitted power. The solution of the last objective is a complex problem of optimization. An approximate solution was introduced based on the eigenvalue decomposition of the channel auto and cross correlation matrices. It is shown that the system introduced in this paper outperforms the burst system using a conventional set of codes. Nevertheless, an initial information about the impulse responses is needed at the emitters. The base station should compute the precoding matrix of the whole system and send the particular precoding signatures to each user.
